Abstract: Rheological and mechanical characterizations were carried out for carbon nanotubes/poly(ethylene oxide) (PEO) nanocomposites to examine the effect of surface modification of carbon nanotubes on the CNT dispersion state. Residual stress in the gap-wise direction of the nanocomposites was measured using the layer removal method. It was found that the different chemical treatments for CNT surface make a big difference in the dispersion state of the CNTs and that the nanocomposites filled with better dispersed CNTs possess higher storage and elastic moduli. From the rheological observations, rheological percolation structure was found to exist in the nanocomposites, which was confirmed by morphological experiments. The residual stress data showed that stronger residual stress is developed in the PEO nanocomposites by non-isothermal cooling than in pure PEO.
Introduction
A great amount of work on polymer-based nanocomposites has been reported, most of which were mainly focused on mechanical reinforcement, barrier property, electrical and thermal behavior [1, 2] . Based on these improved physical properties, manifold applications are being realized in such areas as automotive, aerospace, biomimetic, electronic, optic fields and so on [3, 4] . For better understanding of the nanocomposites, it is necessary to look into relationship among processing, structure, and property. In particular, rheological behavior, which stands for characteristics of the processing, is of great importance because it can act as a powerful tool to prospect the structure and property of nanocomposites [5] .
Poly(ethylene oxide) (PEO) is one of polymeric materials which have extensively been adopted as an electrolyte component in the electrochemical battery. To achieve more enhanced performance of the PEO electrolyte, various methods have been introduced and nanocomposites embedded with nano-size fillers have been viewed as a promising material for the electrolyte [6] [7] [8] [9] [10] [11] [12] . For instance, Ratna et al. [7] studied thermomechanical properties and morphology of PEO/clay nanocomposites and found that the clay addition of up to 12.5 % yields a significant increase in the mechanical properties and that there exists a distorted helical structure of PEO in the nanocomposites.
Carbon nanotubes (CNTs) having exceptional physical properties are known to be more fascinating fillers than clays. There is, however, a lack of studies on the CNTs/PEO system. Difficulty in the CNT dispersion process resulting from extremely high aspect ratio, hydrophobic surface properties, and strong van der Waals force is still a problem to be worked out. In general, solvent suspension using sonication, melt compounding, and in-situ polymerization have been adopted together with applying surface treatment for CNTs for the CNT dispersion [13] [14] [15] [16] . In this study, the effect of modification of the CNT surface was investigated through mechanical and rheological experiments.
Residual stress which reflects internal structure of materials in common arises due to different cooling rate across thickness of parts. Addition of fillers such as carbon nanotubes, nanoclay, and short fibers leads to a significant change in residual stress depending on dispersion state, orientation, and interactions of the fillers [17] [18] [19] [20] . Many techniques for residual stress determination have been developed, most of which are often applied to metallic materials: destructive methods such as layer removal, blind-hole drilling, and successive grooving and non-destructive ones including photo-elasticity, Raman spectroscopy, interferometry, and warpage [21, 22] . One of the most common methods is the layer removal method proposed by Treuting and Read [23, 24] . Removal of a thin layer from a flat panel yields a change in the curvature of the panel in order to satisfy equilibrium of stresses. By measuring the resulting curvature with respect to thickness, stress distribution in the gapwise direction is calculated.
The objective of this study is to understand how the dispersion states of CNTs created by different chemical treatments affect rheological and mechanical properties. Rheology was used as an indicator which explains the CNT dispersion and internal structure of the nanocomposites. Young's modulus for the nanocomposites was measured and gapwise residual stress was determined by using the layer removal method. Additionally, dispersion of the CNTs was observed using field emission scanning electron microscope (FESEM). Figure 1 shows the shear viscosity of the nanocomposites prepared with respect to the shear rate. The pure PEO has the Newtonian region but the nanocomposites filled with the acid-treated CNTs show only the shear shinning behavior of a power law type throughout the shear rate. This result implies that the acid-treated CNT nanocomposite has the best dispersion state of the CNTs. As seen in the figure, the increase in the shear viscosity is found in the low shear rate region but not in the high shear rate, which can be explained by the fact that the CNTs are aligned along the applied flow field at the high shear rate. For more quantitative analysis, the following equation for a relative viscosity is employed:
Results and Discussion
where eff φ is the effective volume fraction and m φ denotes the maximum volume fraction. The effective volume fraction concept is useful in understanding the increase of the shear viscosity [25] . According to Brady, m φ and are given as 0.637 and 2, respectively [26] . With the use of equation (1) including the zero shear rate viscosity presented in Fig. 1 , the effective CNT volume fractions of the CNTs are obtained as shown in Fig. 2 . The effective volume fraction much higher than the real CNT volume fraction elucidates why the shear viscosity heavily increases even at a small amount of the CNT loading and also shows the existence of a rheological percolation q structure formed by the CNTs, which is known to be similar to electrical percolation [27] . The influence of chemical treatments for the CNTs on the storage modulus is presented in Fig. 3 . The storage moduli linearly increase with increasing the oscillatory frequency. The acid-treated CNTs/PEO nanocomposite is found to have the highest storage modulus, which also shows that the nanocomposite possesses the best dispersion state of the CNTs as in the shear viscosity experiments. It has been known that terminal slopes of storage modulus denote internal structure of composites filled with various particles such as carbon blacks, carbon nanotubes, nanoclay, nanofibers, and so on. In other words, rheological response to low oscillatory frequency is a good indication of particle-particle and particle-polymer interactions, which lead to solid-like rheological behavior. From Fig. 3 and Table 1 , it is found that the nanocomposites embedded with the acid-treated CNTs have nonterminal behavior resulting from percolated structure. Since particularly carbon nanotubes have a high aspect ratio and surface area, it is much easier to form rheologically percolated structure by strong interactions than other fillers. The particle-particle interactions including van der Waals and electrostatic forces, which play a significant role in the rheological behavior, make it possible that the fillers create the macrostructure network from individually dispersed single structure. Crossover point concept implying a transition from liquidlike to solidlike can also explain the solidlike behavior of the composites prepared in this study. The crossover point between storage and loss moduli is displayed in Fig. 4 . As seen in Fig. 4 (a) , the crossover point isn't observed in the pure PEO because the PEO doesn't contain any solidlike nature. However, the CNT nanocomposites show a crossover frequency as shown in Fig 4 (b) , which means that the nanocomposites rheologically behave in a solidlike manner. tan less than unity denotes that fillers are associated strongly. Accordingly, it is interpreted that the acid-treated CNTs/PEO nanocomposites have the strongly interacted structure.
To connect the rheological properties stated above with mechanical ones, residual stress measurement was carried out in this study. Because tensile modulus is required in calculation of the residual stress as shown in equation (1), tensile tests were conducted additionally. The tensile modulus and strength listed in Table 2 show that better dispersion state of the CNTs yields higher mechanical properties, i.e., the nanocomposite added with the acid-treated CNT has the best mechanical properties. It is believed that the well dispersed CNTs act as good reinforcement in the polymer and that there exists strong interaction in the nanocomposites. This is in agreement with the rheological results, especially the storage modulus having physically close relationship with Young's modulus. On the other hand, the amine-treated CNTs are partly aggregated in the PEO and the poor dispersion state of the CNTs and weak interaction between the CNTs and PEO are unable to provide significant improvement in the mechanical properties. In general, a thermal stress profile developed by non-isothermal cooling is parabolic across thickness with compressive stresses at the surface. Figure 6 illustrates the residual stress distribution with respect to the thickness. The residual stresses of the acid-treated CNT nanocomposites are higher than those of the pure PEO, which can be explained by the CNT confinement preventing stress relaxation Even though the residual stress distribution of polymeric material is critical to understand lifetime behavior and quality of parts, it sill remains a challenging area unlike metal due to instabilities arising mainly by low tensile modulus. The dispersion states of the CNTs are identified in Fig. 7 by using FESEM. As expected above, it is found that the acid-treated CNT nanocomposite has the best dispersion state, while the amine-treated CNT one has the worst.
Conclusions
PEO nanocomposites filled with different surface-modified CNTs were prepared and their mechanical and rheological investigations were performed. Residual stress distribution with respect to thickness of the nanocomposite specimen was obtained by using the layer removal method. The rheological findings show that the acidtreated CNT nanocomposites have good dispersion state of the CNTs and strong interactions, which can be demonstrated by much higher effective volume fraction of the CNTs than the real one. The tensile properties measured show good agreement with the rheological results and the percolated dispersion structure of the CNTs was verified by FESEM images.
Experimental
Multiwalled carbon nanotubes and poly(ethylene oxide) (PEO) were selected to prepare polymeric nanocomposite in this study. Since excessive sonication and strong oxidation for CNTs are known to be able to shorten the length of the CNTs, optimal conditions were determined [28, 29] . To remove impurities in the raw CNTs, purification of the CNTs was conducted with a warm dilute nitric/sulfuric acid mixture for a few hours. Octadecylamine (ODA) was employed for amine treatment of the CNTs. To rheologically characterize the CNT/PEO nanocomposites, steady shear and oscillatory shear experiments were performed using AR2000 from TA Instruments. Specimens prepared by compression molding were tested in the parallel plate mode. Morphological observations were done by using field emission scanning electron microscope (FESEM) (JEOL JSM-6700F). More details can be found in the previous studies [1, 29] .
According to ASTM D638M 638, mechanical tests for the nanocomposites were carried out with Instron 8516 and dumbbell shaped specimens were made by compression molding. A gauge length of 50 mm and a crosshead speed of 50 mm/min were kept in the test. Samples for the residual stress measurement were prepared as follows: the PEO nanocomposite sheets were heated in an oven at 60 °C for 8 hours and were quenched in an ice water of 0 °C. The specimen dimension is 120×120×2 mm 3 . After quenching, the specimens were put in liquid nitrogen to prevent stress relaxation. Residual stresses of the specimen were measured by using the layer removal method. Thin uniform layers were removed from the specimen surface by using a high speed milling machine and the specimen was kept flat by a vacuum table during milling. The thickness and arc length of the specimen were measured by a micrometer and a pair of calipers. The radius of curvature was determined through circular fitting. The residual stress was calculated after each layer removal of 0.1 mm. Several assumptions were made for the nanocomposite sample: the material is isotropic and elastic and thermal contraction during quenching is also isotropic. The residual stress distribution with respect to thickness can be calculated with use of the following equation proposed by Treuting and Read [23] : 
